Abstract: Southwest Mexico City (SWMC) air pollution is characterized by high concentrations of ozone and particulate matter < 10 μm (PM 10 ) containing lipopolysaccharides while in the North PM 2.5 is high. These intra-city differences are likely accounting for higher CD14 and IL-1β in SWMC v NMC mice myocardial expression. This pilot study was designed to investigate whether similar intra-city differences exist in the levels of myocardial inflammatory genes in young people. Inflammatory mediator genes and inflammasome arrays were measured in right and left autopsy ventricles of 6 southwest/15 north (18.5 ± 2.6 years) MC residents after fatal sudden accidental deaths. There was a significant S v N right ventricle up-regulation of IL-1β (p=0.008), TNF-α (p=0.001), IL-10 (p=0.001), and CD14 (p= 0.002), and a left ventricle difference in TNF-α (p=0.007), and IL-10 (p=0.02). SW right ventricles had significant up-regulation of NLRC1, NLRP3 and of 29/84 inflammasome genes, including NOD factors and caspases. There was significant degranulation of mast cells both in myocardium and epicardial nerve fibers. Differential expression of key inflammatory myocardial genes and inflammasomes are influenced by the location of residence. Myocardial inflammation and inflammasome activation in young hearts is a plausible pathway of heart injury in urbanites and adverse effects on the cardiovascular system are expected.
Introduction
Inhalation of particulate matter (PM) air pollution increases the risk for adverse clinical cardiovascular (CV) events as well as both short-and long-term cardiovascular mortality 1, 2 . Three generalized intermediary pathways have been hypothesized to explain the detrimental effects on the CV system in response to PM inhalation: pulmonary and systemic oxidative stress and inflammation, pulmonary receptor mediated alterations in autonomic balance, and direct effects of PM or its constituents on the vasculature and/ or blood elements after translocation from the lung 1 . Yet, uncertainty remains whether exposure to different air pollution profiles causes distinct myocardial inflammatory responses in humans.
Residents of Mexico City are exposed year-round to air pollutant concentrations frequently above the National Air Ambient Quality Standards (NAAQS) for the United States 3, 4 . High concentrations of fine particulate matter (PM 2.5 ) as well as significant levels of PM associated with lipopolysaccharides (PM-LPS) are present in Mexico City's air, and marked regional differences in the air pollutants concentrations and composition have been reported within metropolitan Mexico City [3] [4] [5] [6] [7] .
Previously, these well-established regional differences in air pollution between southwest Mexico City (SWMC) and north Mexico City (NMC) were exploited to assess differential health effects in mice exposed for 16 months to ambient air 8 . Tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and cluster designation antigen 14 (CD14) gene mRNA myocardial expression increased in mice exposed in SWMC when compared to mice from NMC 8 . The observed differences were attributed to the regional differences in ambient air PM-LPS concentration [3] [4] [5] [6] [7] .
The goal for this work was to test the hypothesis that lifetime exposures linked to one of the two distinctly polluted Mexico City target atmospheres modifies the myocardial inflammatory gene profile and inflammasome activation in specimens obtained from autopsied children and young adults with long life residency in the target areas. Given that the pattern recognition Toll-like receptor-4 (TLR-4) is a signaling receptor for lipopolysaccharides (LPS) and that the Asp299Gly TLR-4 polymorphism is associated with a blunted response to lipopolysacharides, we selected individuals with a negative polymorphism 9, 10 . Specifically, based on previous in vivo mice studies 8 , myocardial inflammation in SWMC residents exposed to an atmosphere with high concentrations of LPS is predicted to be significantly higher than inflammation in NMC residents. Myocardial mRNA was measured for two key inflammatory genes: IL-1β and TNF-α. Measurements were also made of the LPS receptor CD14 and IL-10, an anti-inflammatory cytokine; and two inflammasomes: nucleotide-binding oligomerization domain NOD containing 1 (NLRC1) and pyrin domain containing 3 (NLRP3). A cDNA array targeted for the expression of 84 genes involved in the function of inflammasomes, protein complexes involved in innate immunity and nucleotide oligomerization binding domain (NOD)-like receptors (NLR) signaling was run. Light and electron microscopy of the hearts were also done.
Methods and Procedures

Study city and air quality
Mexico City is an example of extreme urban growth and accompanying environmental pollution 3, 4 . The metropolitan area of over 2,000 km 2 lies in an elevated basin 2,240 meters above sea level surrounded on three sides by mountain ridges. Mexico City's 20 million inhabitants, over 40,000 industries, and 4 million vehicles consume more than 40 million liters of petroleum fuels per day, producing an estimated annual emission of 2.6 tons of particulate and gaseous air pollutants 11 . Mexico City's metropolitan area motor vehicles produce abundant amounts of primary fine PM, elemental carbon, particle-bound polycyclic aromatic hydrocarbons, carbon monoxide, and a wide range of air toxics, including formaldehyde, acetaldehyde, benzene, toluene, and xylenes [11] [12] [13] [14] [15] . The high altitude and tropical climate facilitate ozone production all year and contribute to the formation of fine secondary particulate matter. Air quality is generally worse in the winter, when rain is less common and thermal inversions are more frequent. LPS detected in the coarse fraction of PM (PM 10 ) from SWMC show the highest LPS concentrations at 59 EU/mg PM 10 5, 6 . SWMC historically exhibits the highest endotoxin concentrations, with PM 10 -LPS ranging from 15.3 to 20.6 ng/mg, while NMC contains less than 70% of the SW Mexico City values 5 . On the other hand, ozone concentrations spatial distribution peak towards the downwind SW area in the afternoon as a result of the typical diurnal wind transport of polluted air masses from the urban area. Hourly levels higher than 0.12 ppm as well as 8-hour ozone average values above 0.075 ppm, the respective US EPA air quality standards, are typically registered in SWMC.
Selection of subjects from SWMC versus NMC was made based on the significant differences between outdoor environments in "northern-industrialized" zones in comparison with "southern-residential" zones, which illustrate the contribution from the industry in the north 4, 7, 13 . SWMC residents have been exposed to significant concentrations of ozone, secondary tracers (NO 3ˉ) and PM-LPS, while NMC residents have been exposed to higher concentrations of volatile organic compounds (VOCs), PM 2.5 , and its constituents: organic and elemental carbon including VOCs, secondary inorganic aerosols (SO 4 2ˉ, NO 3ˉ, NH 4 + ), and metals (Zn, Cu, Pb, Ti, Mn, Sn, V, Ba) 3, 4, 7, 15 . Recent studies on the composition of PM 2.5 with regards to sites and samples collected in 1997 show that composition has not changed during the last decade 4 .
Heart samples
The Human Studies Committees of the involved institutions in Mexico City approved the study and the research protocol. Twenty-one clinically healthy, non-smoking, nonobese children and young adults who died suddenly, accidentally, and without chest or head trauma were included. Six subjects were residents in SWMC and 15 in NMC. Their major everyday activities, including work and school took place within 10 miles of their residency. All subjects had documented instant deaths related to their accidents and were pronounced death at the scene immediately after the accident by the pertinent authorities. Autopsies were performed 3.7 ± 1.7 hours after death. Subjects had no pathological evidence of recent or long-term inflammatory processes or pathological findings such as myocardial infarction, valve pathology, coronary artery disease, ventricle or atrial dilatation or hypertrophy, large vessel gross abnormalities, chest trauma, cerebral ischemia, head injury, or stroke. Toxicological studies were negative and included drug alkaline and acid/neutral screen, amphetamines, benzodiazepines, cocaine/opiates, alcohol, volatiles and cannabinoids. All subjects were negative for the Asp299Gly TLR4 polymorphism. The mean age of the SWMC subjects was 19.1 ± 2.9 years (mean ± standard deviation [SD]) and 17.8 ± 2.3 years for the NMC subjects (p=0.93). Representative sections of the heart muscle including the left and right ventricles and the inter-ventricular septum were fixed in 10% neutral formaldehyde for 48 hours and transferred to 70% alcohol for histopathology. Heart tissues were fixed in 2% paraformaldehyde and 2% glutaraldehyde in sodium phosphate buffer (0.1 M, pH 7.4) for electron microscopy. The remaining heart tissues were quickly frozen and stored at -80°C and transmural sections of the left and right ventricular wall were selected for the RT-PCR and array studies.
Light and electron microscopy
Paraffin sections 7μm thick were cut and stained with hematoxylin eosin (H&E) and toluidine blue, and underwent immunohistochemistry for tryptase (Novocastra laboratories Ltd., NCL-MCTRYP 1:50, Newcastle upon Tyne NE12 8EW, UK). Three board-certified pathologists (GD, RDC, LCG), including a Forensic pathologist (GD) without access to the identification codes reviewed the sections. Electron microscopy was performed in 8 age-matched cases: 4 NMC and 4 SWMC. Tissues were post-fixed in 1% osmium tetraoxide and embedded in Epon. Semi-thin sections (0.5 to 1 μm) were cut and stained with toluidine blue for light microscopic examination. Ultra-thin sections (60-90 nm) were cut and collected on slot grids previously covered with formvar membrane. Sections were stained with uranyl acetate and lead citrate, and examined with a JEM-1011 (Japan) microscope.
Estimation of mRNA Abundance by RT-PCR
To determine the expression of mRNA from IL-1β, TNF-α, IL-10, CD14, NLRC1 and NLRP3, total RNA was extracted from the heart samples using Trizol Reagent (InVitrogen Corp). RNA integrity, concentration, and purity were determined by spectrophotometry using the NanoDrop ND-1000, keeping only samples with the OD A260/A280 and the OD A260/A230 ratios close to 2.0. Small fragments of myocardium, while in ice, were homogenized in 1 mL of Trizol, and the tissue homogenate was centrifuged at 12,000 × g for 15 min at a temperature of 4°C. Relative abundances of mRNAs encoding the genes of interest were estimated by quantitative fluorogenic 5' nuclease (TaqMan) assay of the first strand cDNAs using Platinum-qPCR Supermix-UDG reagent (Invitrogen) and the proper oligonucleotide primers and probes.
PCR arrays
Microarray analysis was conducted with SABiosciences (Frederick, MD, USA) Human Inflammasome Array RT2 Profiler TM . RNA was pooled from each sample inside each group and cDNA was synthesized using the C-03 first strand kit (SABiosciences). Relative gene expression was normalized to five housekeeping genes in each PCR array plate. The fold change for each gene was calculated as 2 (ΔΔCt) and shown as up-regulated if expression was >2 or down-regulated if expression was <-2. Included in the array were 84 genes distributed in three groups: 1) Inflammasomes: i. negative regulation, ii. down-stream signaling, 2) NOD-Like Receptors: i. down-stream signaling, and 3) Pro-inflammatory caspases: CASP1, CASP4, and CASP5.
Statistics
Statistical analyses were performed using the SAS statistical software 9.0 version. The student's test, the sign test and/or the Wilcoxon signed rank test were used to test whether there were significant differences in the expression of the selected genes and in the difference of the annual PM 2.5 between the 2 geographical regions of interest, NMC and SWMC. Significance was assumed at p<0.05. Data are expressed as mean values ± SD.
Results
Air quality data
Mexico City residents are exposed year-round to air pollutant concentrations above PM 2.5 and ozone United States' National Air Ambient Quality Standards (NAAQS). Panels 1A and 1B in Fig. 1 show the trend of PM 2.5 concentrations from 1997 to 2010 in two representative Metropolitan Mexico City areas located at NMC (Tlalnepantla) and SWMC (Pedregal). The PM 2.5 annual air quality standard of 15 µg/m 3 has been historically exceeded across the metropolitan area, including the selected target areas (Table 1) . Statistically higher levels of fine PM have been observed in NMC v SWMC due mostly to industry and heavy truck traffic (p=0.0001). During the dry season extending from November to May, PM 2.5 levels as high as ~ 90 µg/m 3 are common in NMC.
Heart histopathology and electron microscopy
An average of 12 sections were stained and examined for each block, including hematoxilyn-eosin, toluidine blue, Gomori's Trichrome stain, Verhoeff's Elastic Stain, and tryptase. Mild variation in nuclear size in myocardial fibers ( Fig. 2A) , isolated mononuclear cell infiltrates (Fig. 2B) , mast cell degranulation both in myocardium (Fig. 2C) , perivascular (Fig. 2D) , and in epicardial nerves (Fig. 2E) were observed in all subjects regardless of residency area. Gomori's Trichrome and Verhoeff's elastic stains showed no pathological findings. Particle-like material average size 28 nm was seen in erythrocytes, endothelial and smooth muscle cells and basement membranes of myocardial arterioles of hearts from NMC and SWMC subjects (2/4 in each group) (Fig. 2F ). Tryptase and toluidine blue stained sections provided an assessment of mast cell number. Tryptase positive cells counted per 10x field yielded 10.8 ± 2.2 and 10.03 ± 3.7 for SWMC and NMC respectively (p=0.69). For toluidine blue, positive cells counted per 40x were 1.34 ± 0.45 and 0.94 ± 0.54 for SWMC and NMC respectively (p=0.13), and for the percent of degranulated cells using tryptase, we recorded 45 ± 26 and 42 ± 27 for SWMC and NMC respectively (p=0.92). Thus, no differences were seen between south versus north residents in any of the mast cell endpoints. All participating pathologists concluded that H&E, Gomori's Trichrome and Verhoeff's elastic stains showed no significant myocardial pathology.
Real-time PCR mRNA analysis of target genes
Real-time PCR analysis of IL-1β, TNF-α, IL-10, CD14, NLRC1, and NLRP3 in the heart samples indicated that the corresponding mRNA was present in each of the samples analyzed. Table 2 
Signaling pathways related to inflammasomes
Myocardial samples from SWMC residents exhibited a significant up-regulation of 29 of 84 genes in the array. The up-regulated genes fell into the following categories: 16 downstream from the NOD-like receptors, 5 inflammasome negative regulation, 5 downstream from inflammasome pathways, two inflammatory caspases, and one NOD-like receptor ( Table 3 ). The four genes with the higher expression were: IRF-1 binding to the upstream regulatory region of type I IFN and IFN-inducible MHC class I genes, CCL-2 (a monocytic and basophil chemotactic factor), CXCL1 (a chemotactic neutrophil factor), and TNF.
Discussion
Exposures to distinct air pollution environments within Mexico City are associated with significant differences in the expression of key inflammatory and anti-inflammatory cytokines including IL-1β, TNF-α, IL-10, the LPS receptor CD14 and two key inflammasomes NLRC1 and NLRP3 within the hearts of a unique young autopsy cohort. Specifically, significant differences were observed between SWMC v NMC residents, two areas characterized by sustained differences in the outdoor concentration of PM associated with LPS and in PM 2.5 concentrations. The results suggest a residency effect similar to the one observed in our SWMC v NMC mice studies 8 .
Inflammation involves a coordinated immune response to stimuli related to infections, oxidative stress, or tissue damage 16, 17 . The innate immune system rapidly detects invading pathogenic microbes and eliminates them. In the case of SWMC residents PM with LPS likely initiates an inflammatory response having detrimental effects 8 . Toll-like receptors sense "extracellular microbes" (i.e., PM-LPS) and The differences are significant with a p=0.0001.
trigger anti-pathogen signaling cascades 17 . Heart tissues require up-regulation of several inflammasome components in order to assemble functional inflammasomes. Although the issue of myocardial inflammasomes has not yet been discussed in air pollution-related human cardiotoxicity, the finding of increased IL-1β, CD14, NLRC1 and NLRP3 strongly suggests that inflammasome activation plays a role in exposed subjects. Up-regulation of two key NOD-like receptor (NLR) family members in the right ventricles from clinically healthy children and young adults is critical in the context of air pollution exposures. NLRC1 enhances caspase-9-mediated apoptosis, induces NF-kappa-B activity via RIPK2 and IKK-gamma and confers responsiveness to intracellular bacterial LPS, while NLRP3 functions as an upstream activator of NF-kappa-B signaling and activates caspase-1 in response to a number of triggers including LPS which leads to processing and release of IL1β 16, 17 . The central role of the NLR family as pathogen sensors and activators of inflammatory caspases and transcriptional regulation of immune response genes [17] [18] [19] [20] , including pro-inflammatory cytokines with detrimental cardiac effects, raises the issue of the longterm impact of the innate immune altered responses and inflammation upon the cardiovascular system of highly exposed young individuals. Exposures to micro-particles, including asbestos and silica, activate the NALP3 inflammasome, and NALP3 deficient mice have decreased lung inflammatory responses [21] [22] [23] . Cholesterol crystals acting as an endogenous danger signal activate NLRP3 inflammasomes in a mice atherogenesis model 24 . NLRP3/NALP3 activators produce reactive oxygen species (ROS) and are essential secondary messengers signaling inflammasome activation 18 . Thus, inflammasomes are rapidly emerging in air pollution related mechanisms as novel and important cellular complexes involved in inflammatory responses.
As expected, based on the higher historical south Mexico City exposures to endotoxins, the mRNA expression of CD14 was significantly higher in SWMC residents and the right ventricle was the target of the up-regulation. Indeed, the right ventricle expression of the target genes was significantly different for all selected genes, while the left ventricle differences between cohorts were only significant for TNF-α and IL-10. Cardiac chambers differ in their morphologic and contractile properties 25 and in myocardial circulation 26 . In a heart with increased afterload there is a sharp arterial plethora of the left ventricle and sharp blood stasis in the microcirculatory bed in case of increased right ventricle afterload 26 . These contractile and microcirculatory changes might contribute to the sharp differences between ventricular gene expression in subjects exposed to high levels of pollution. Moreover, PM exposure increases pulmonary arterial pressure related to the production of endothelin-1 (ET-1) [27] [28] [29] [30] [31] [32] [33] , thus right ventricular pressure-overload potentially could modify the targeted genes responses. The issue is key for young urban residents, as we have seen sustained elevations of ET-1 and pulmonary arterial pressures in clinically healthy children in Mexico City 32 . To complicate matters further, the vasoconstrictor responses upon LPS administration are associated to ET-1 production 34 .
Degranulation of mast cells was observed in the epicardial left and right ventricle nerve bundles. Because portions of autonomic nerves and receptors are located on the epicardial surface of the heart [35] [36] [37] [38] , it is possible that the mast cell degranulation may alter autonomic neurotransmission 39 providing a potential mechanism by which the nervous system impacts on inflammatory ventricular responses. Mast cells had been largely neglected and remain as low key players in the air pollution literature, however there are significant associations between ET-1 and cardiac mast cell degranulation 30 , their role limiting ET-1 toxicity 40, 41 and modulation of cardiac contractility through both ET-1 and myocardial mast cell degranulation 42 . Our canine studies in Mexico City versus controls from low polluted areas showed apoptotic myocytes and degranulated mast cells associated with scattered foci of mononuclear cells in both ventricles and the interventricular septum 43 . Thus, the potential inflammatory and physiopathological impact of the mast cell degranulation both in the myocardium and epicardial nerves are critical.
We have shown in young Mexico City residents, a distinct right versus left inflammatory response of the carotid portion of the vagus nerve, specifically the right vagus has a marked up-regulation of COX-2 44 . The role of the right vagus nerve in the innervation of key structures (i.e., liver and bowel) involved in the detoxification and clearance of foreign and altered-self substances including PM and PM-LPS was discussed. Thus, the cardiac vagal innervation could also play a role in the differential ventricular responses 44 .
Pro-inflammatory mediators, such as TNF-α and IL-1β have been implicated in the pathogenesis of myocardial dys- function and cardiomyocyte death in ischemia-reperfusion injury, sepsis, chronic heart failure, viral myocarditis, and cardiac allograft rejection [45] [46] [47] . TNF-α was strongly up-regulated in SWMC exposed residents (p=0.001). The importance of TNF in cardiovascular morbidity and mortality is well known 46, 47 . In a healthy heart TNF-α is mainly located in the endothelium and in resident mast cells 47 . Apoptosis, inflammation and oxidative stress are pivotal TNF-mediated responses that are independently linked to pathological remodeling 46 . During myocardial ischemia and after myocardial infarction (MI), preformed TNF-α is released within minutes and contributes both to contractile dysfunction and irreversible myocardial injury 47 . Interestingly, preconditioning with TNF-α decreases infarct size 48 . The issue of TNF-α cardioprotective properties depends on a number of factors, including its concentration, the localization of the increased TNF-α levels, the concentrations of the TNF receptors, particularly TNFR1, and the myocardial duration of exposures to detrimental factors 47 . In an infarcted myocardium, TNF-α contributes to cardiomyocyte apoptosis, whereas in the peri-infarct area could stimulate fibroblasts, stabilize the infarcted area and attract stem cells for cardiac repair and decrease inflammation 49, 50 . Given that TNF-α has an ambivalent role in case of myocardial infarction and that sustained post-infarction TNF-α contributes to chronic left ventricular dysfunction, it was concluded that myocardial TNF-α biventricular up-regulation in the context of severe exposures to air pollution is not beneficial to the exposed subjects. The higher level of CD14 mRNA in SWMC residents who are exposed to a higher dose of LPS-PM is a novel and potentially important observation. CD14 is a surface differentiation antigen capable of binding LPS 51 and the high expression seen in SWMC subjects is likely related to the high 51 . . The production of pro-inflammatory mediators occurs in the myocardium exposed to endotoxin, a situation that is critical in septic patients. In a model of low-grade chronic inflammation with the administration of low doses of LPS, there was a significant increase in myocardial fibrosis, infiltration of mononuclear cells, and changes in arteries and arterioles, a finding consistent with vascular disease 56 . Given that SWMC residents are exposed to high concentrations of PM-LPS, the observation of their significant up-regulation of CD14, TNF-α and IL-1β suggests a key role of environmental endotoxin on the health of the southern Mexico City population. The issue is key for the understanding of how the sensing of "microbial invaders" (i.e., PM-LPS) could translate into signaling pathways that culminate in the transcriptional regulation of immune responsive genes and how the activation of inflammasomes 17, 19, 57 could be a contributing factor for myocardial cardiotoxicity 58 .
Thus, this study's observations in SWMC young adults are potentially important for elderly SWMC residents due to the fact that IL-1β reduces cardiac muscle function and inhibits angiogenesis in cardiac endothelial cells 59 . An increase in myocardial IL-1β could translate in a reduced capacity for proliferation of microvascular endothelial cells and a consequent fault in the myocardial repair after a myocardial infarction. IL-1β is also important to myocardial remodeling 60 , and its increased levels are associated with worsening of interstitial fibrosis 61 . The roles of IL-1β in atherothrombotic disease and after myocardial infarction when it critically regulates the inflammatory response 62 are also potentially clinically important for SWMC residents.
Chronic inflammation leads to an increase in cardiovascular disease risk 1 . The findings of significant differences in up-regulation of key inflammatory myocardial genes and inflammasomes in healthy young adults provide potential important mechanistic pathways to explain the higher risk of cardiovascular disease in susceptible urban populations. These findings are relevant to susceptible residents in the study areas, since the outcome of cardiac ischemic events depends not only on the intensity and duration of the ischemic stimulus but also on the myocardial intrinsic tolerance to ischemic injury 58 , even in the absence of manifest cardiovascular disease. Thus, the concept of occult cardiotoxicity as described by Golomb et al. should be taken into account in subjects exposed to significant concentrations of air pollutants.
We recognized that given our strict inclusion criteria including the negative Asp299Gly TLR4 polymorphism, the autopsy time restricted to 3.7 ± 1.7 hours after death, and the age range of the subjects, the group is small, however the endpoint results are significantly different to warrant that residency likely plays a key factor in the myocardial responses. Additional characterization of the particle-like material observed in blood vessels by energy filtered TEM 63 would have benefited these studies. In summary, exposure to air pollution produces differential up-regulation of key inflammatory genes in young urban residents. Extensive degranulation of mast cells complete the picture in seemingly healthy hearts from children and young adults. Exposure to particulate matter can trigger cardiovascular disease 64 and long exposures increase the risk for cardiovascular mortality and reduces life expectancy 1 , thus our findings of myocardial inflammation in young urbanites may have deleterious CV effects, especially in view of our reports that sustained endothelin-1 increases are associated with elevated mean pulmonary artery pressure in clinically Mexico City healthy children 32 .
Hopefully this research will contribute: i) to awareness that within-city sustained exposures to a distinct profile of air pollutants produce differential responses in myocardial gene expression, thus the clinical outcomes of cardiac events could be different ii) sustained myocardial up-regulation of IL-1β and TNF-α, fundamental in the pathogenesis of myocardial dysfunction, ventricular remodeling, and angiogenesis in cardiac endothelial cells-among their other roles-likely will have long term cardiovascular effects on the exposed populations, iii) occult cardiotoxicity is an important concept in the context of air pollution exposure, and iv) inflammasome myocardial activation is a novel pathway of heart injury in exposed individuals.
